ABSTRACT In order to analyze synchronization control problems of two non-identical homodromy eccentric rotors (ERs) in a nonlinearly coupled system of vibrating machinery-part (NCS-VMP), a new electromechanical coupling nonlinear dynamic model considering nonlinear acting force of the part and nonlinear support is established, NCS-VMP's complex control is converted into rotating speed and phase synchronous control of two homodromy non-identical exciters. By considering the dynamic interactions among the vibration body, the part and the ERs, the nonlinear dynamical equation of the NCS-VMP are established. An accurate synchronization control of speed and phase method are proposed for two homodromy ERs in NCS-VMP. The precise speed and phase synchronization control is mainly reflected as: The cross-coupling control strategy is used which considering the coupling effect between two co-rotating exciters. The radial basis function network adaptive global sliding mode algorithm (RBFN-AGSMA) is used to adaptively approximate the total uncertainty of system including the nonlinear support and the nonlinear force of the parts, which can effectively reduce the estimation error. The radial basis function network method can suppress the jitter of the system and make the influence of the system more stable after replacing the sign function. The stability of RBFN-AGSMA controller is proved by Lyapunov theory. The controller's property is verified through numerical methods and taking the sliding mode control (SMC) algorithm into comparison. Results indicate that the designed control method can reduce chattering clearly compared with the SMC algorithm, and it is capable to improve the control accuracy of two non-identical homodromy exciters. By studying the effects of parameter change in the NCS-VMP on the system, the strong robustness of RBF network global sliding mode controller to parameter perturbations is proved. It is proposed that RBFN-AGSMA controller can control two nonidentical homodromy ERs in NCS-VMP to achieve accurate vibration trajectory in the working direction.
I. INTRODUCTION
The application of vibration machinery in practical engineering is gradually expanding, the principle of vibration can be used to screen, separate, dehydrate, transmit information and so on [1] , [2] . Blekhman [3] , [4] and Blekhman and Sorokin [5] first analyzed and studied the selfsynchronization theory of two or more exciters.Through the The associate editor coordinating the review of this article and approving it for publication was Huiqing Wen. combination of theory and experiment, important value has been obtained by applicating the self-synchronization theory in engineering. The study of synchronous movement has been very extensive [6] , [7] . Zhang et al. [8] - [10] researched the self-synchronization and stability of multiple nonidentical homodromy exciters and driven by an asynchronous motor in a vibration system, taking the three co-rotating vibration exciters in the vibration system as an example, verify the selfsynchronization through experiment. Because synchronous characteristic of the ERs driven by asynchronous motor in the vibration system is correlated to system's nonlinear characteristics, many researchers began to reserch the synchronization performance of vibration system fTom perspective of nonlinear characteristics. Balthazar et al. [11] established a mathematical model of the self-synchronous motion of multiple exciter in a nonlinear system using numerical methods, studied the existence and stability of the synchronous solutions of self-synchronous motion. Li et al. [12] , [13] established the dynamic model of two ERs in vibration system considering the nonlinear springs, self-synchronization method was used to study nonlinear vibration system. Zhang et al. [14] studied self-synchronous motion of two ERs in multi-resonant nonlinear vibration system, it can be verified that the two exciters in system can realize synchronous motion in subresonant state. To improve the synchronization control accuracy, it could use control method to carry out synchronous control research on the nonlinear vibration system.
The research of control strategies and control algorithms is very extensive, the SMC algorithm has been widely applied to research synchronous control [15] - [21] . Su et al. [22] constructed a new linear switching function to solve the sliding mode control problem of discrete-time switched systems combined with the network sliding mode dynamics method. Ai and Peng [23] studied the stability and robustness of multi-module pulse-switched linear systems, and verified the effectiveness of the proposed method by numerical simulation. Han et al. [24] studied the robustness of H-infinity sliding mode control for switched discrete singular systems with time-varying delays under arbitrary switching. Many researchers use cross-coupling control strategy to control synchronous motion [25] - [28] . Sun [29] studied a couplingcontrolled position synchronization method that considers adaptive control and multiple motion axes' position synchronization error. Chin et al. [30] used a combination of fuzzy logic controller and cross-coupled pre-compensation method to reduce position errors and contour errors. There are few studies on the synchronous motion of the exciters by using the control method in a vibration system. Kong et al. [31] , [32] controlled the synchronous performance of multiple exciters of a linear vibration system through the sliding mode control algorithm, to explain advantages of control synchronization in the vibration system. Huang et al. [33] conducts synchronous control studies on linear vibration systems that consider material effects. Synchronously controls the two exciters of the reverse rotation through a cross-coupled controller. However, the above-mentioned control synchronization study on the exciters is only in the linear vibration system, the control synchronization study of the exciters in the nonlinear vibration system have barely been studied. The sliding mode control combined with radial basis neural network approximation can suppress the system's chattering and make the system's response more stable, which is very suitable for control of nonlinear systems [34] - [36] . Motivated by the above observations, this paper establishes an RBFN-AGSMA controller for the synchronization problem of two homodromy exciters in nonlinear vibration systems. The main contriUutions of this paper can be summarized as follows:
1) Establishing a new electromechanical coupled nonlinear dynamic model considering the nonlinear force ofparts and nonlinear support. 2) An adaptive global sliding mode controller for RBF networks is established for nonlinear vibration systems.
3) The precise synchronization control of two exciters in nonlinear vibration system is realized by the RBFN-AGSMC algorithm controller.Analyze the dynamic characteristics of nonlinear vibration system and the robustness ofthe controller. The remainder of this paper is organized as follows. In Section 2, a new electromechanical coupling dynamics model considering the non-linear support and the part nonlinear force was developed, the complex NCS-VMP study of synchronization was transformed into synchronization study of two non-identical homodromy ERs. In section 3, the crosscoupling control strategy of the NCS-VMP synchronous motion is studied. In Section 4, RBF network adaptive global sliding mode algorithm in NCS-VMP was designed, the stability of the RBF network adaptive global sliding mode algorithm aiming at NCS-VMP was proved. In Section 5, the advantages of RBF network adaptive global sliding mode algorithm aiming at the NCS-VMP are verified. Using the proposed RBF network adaptive global sliding mode controller to control NCS-VMP realizes accurate elliptical motion trajectory. By changing the parameters in NCS-VMP, the dynamic response ofNCS-VMP is given. Uinding coefficient [1] , m w -the mass of part. The stiffness coefficient and damping coefficient of swing direction in NCS-VNP are
II. DYNAMIC MODEL OF NCS-VMP
respectively. The mathematic model ofNCS-VMP is built:
F m (ẍ,ẋ, x, t) is nonlinear force acting on NCS-VMP by part in x-axis, is presented in Eq. (2):
In Eq. (2), a single motion cycle is divided into four phases, and the forces in each phase are different. When parts move along with working face, the force of parts in the x direction on the vibration body is F m = m wẍ . When parts slide in the forward direction and reverse direction on the surface of the vibration body, the force of parts in x-axis on the vibration body is F m = ±m m f (g +ÿ). When the parts are thrown up from the surface of the vibration body, the force of parts in x-axis on the vibration body is F m = 0. When parts drop impact on working face, the force acting on vibration body is
is nonlinear force acting on NCS-VMP by part in y-axis:
In Eq. (3) ϕ d , ϕ z − the takeoff angle and falling angle of parts, that is vibration phase angle when parts starts to leave the body and falls onto the body again;ẏ m ,ẏ z − the velocity of the parts in y direction at the end of throwing motion and at this moment the velocity in the y direction of vibrating body.
t is time of falling impact, ϕ = ω t. Because the time of falling impact is much less than the vibration cycle of the NCS-VMP, ϕ → 0 is preferable.
Suppose the first approximate solution of the equation is:
In Eq. (5), set α x = α y , because ϕ x = ϕ y = ϕ, we can obtained:
Because the self-synchronizing vibration mechanical system away from resonance point under the super-far resonance, let (1), which can meet the precision required for engineering applications and simplify problems. In the NCS-VMP, the state equation of asynchronous motor in rotor field orientation coordinate system is presented as [37] :
The electromagnetic torque can be obtained:
By controlling the output torque of two non-identical ERs rotating in the same direction in NCS-VMP, the synchronous motion of the NCS-VMP can be achieved. When the two nonidentical ERs rotating in the same direction are synchronized, the NCS-VMP can only achieve elliptical motion trajectories in the x and y axes. Therefore, the control to Eq. (11) is namely achieving synchronous control of NCS-VMP:
where
can be expressed as:
a j , b j are the unknown items.
III. CROSS-COUPLING CONTROL STRATEGY OF NCS-VMP
Aiming at the influence of nonlinear support and other characteristics in NCS-VMP, a controller combining crosscoupling control strategy and RBFN-AGSMA is proposed. Using the cross-coupling control strategy to control phase and speed of two non-identical ERs rotating in same direction in NCS-VMP respectively. Two exciters speeds and phases are compensated by the error respectively. In the synchronization control of the exciters, it requires e j = ϕ j − ϕ d → 0 and e j =φ j −φ d → 0,φ d andφ j are target speed and actual speed are respectively, and also make sure that two homodromy ERs synchronization errors meet:
A framework of NCS-VMP of cross-coupling control strategy with two non-identical exciters rotating in the same direction is presented in Fig. 2 . Two asynchronous motors which rotate in the same direction drive different ERs to provide exciting force to NCS-VMP, NCS-VMP in turn provides nonlinear load to asynchronous motor. When two non-identical ERs which rotating in the same direction achieve synchronization, the NCS-VMP can only achieve elliptical motion trajectories. 
IV. CONTROLLER DESIGN AND STABILITY ANALYZE
The RBF network adaptive global sliding mode algorithm was designed aiming at the NCS-VMP including the control ofUoth tracking error and synchronizing error.
A. TRACKING ERROR OF CONTROLLERS OF TWO NON-IDENTICAL HOMODROMY ERS
In NCS-VMP, the control of phase tracking errors of two nonidentical homodromy ERs are e j = ϕ j − ϕ d , furthermore speed tracking errors of two non-identical homodromy ERs areė j =φ j −φ d , base on Eq. (12):
Design the sliding variable of global sliding mode control S:
In which λ is greater than 0, and is very small, and small enough. Base on Eq. (14) −(15), the derivative of S j is shown as: (17) SetṠ j = 0 and ignored W j , there is:
The robust controller:
Therefore, in NCS-VMP, the tracking error controllers of two non-identical ERs rotating in same direction are: 
The derivate ofit can be obtained:
when ε j > σ j , it hasV T 1 < 0. According to Lyapunov theorem, there is lim 
Since α j and β j are the positive constants, the Hurwitz theory was satisfied, lim t→∞ e j (t) = 0 and lim t→∞ e j (t) = 0(j = 1, 2) can be obtained.
C. SYNCHRONIZATION ERROR CONTROLLERS
The design of the synchronous error controller S * j (t) (j = 1, 2) of the two exciters rotating in same direction is the same as the design of tracking error controller:
Base on Eq. (13) and (15), there is:
Synchronization error controllers are presented as following:
D. STAUILITY ANALYSIS 2
Theorem 2: When ε j > σ j the proposed controller equations Eq. (26) that aiming at synchronization error of NCS-VMP, which ensure that the trajectory of synchronizing errors of the two exciter's speed and phase are move on the sliding surface and synchronization error gradually converges to zero.
Proof 2: Based on Eq. (25), there is:
Base on Eq. (20):
It illustrates the stability of synchronization error controller in NCS-VMP, the speed and phase global sliding mode controller in NCS-VMP are presented as follows:
E. RUFN-AGSMA AND STAUILITY ANALYSIS
Replacing the sign function with the RBF neural network, the RBF network output f is:
In which, x is input state vector, c i is center position of the i -th neuron, H = [H i ] T is Gaussian function, δ is weight vector for neural network. According to the approximation characteristics of RBF neural network, there is an optimal weight vector δ * that makes the following formula:
where ε is the approximation error, and |ε| < γ , γ is greater than 0. Replacing the sign function in Eq. (19) with the RBF neural network:
In which:δ is the estimated value of the optimal weight vector δ * ,ε is estimated value of approximation error ε, ξ is chosen normal number, derivingδ andε we can obtain:
In which η δ and η ε are positive learning rate.According to the Lyapunov function, there is: In which:δ = δ * −δ,ε = ε −ε. Deriving for V T 2 :
When is ξ j > 0 established, there isV T 2 ≤ 0. According to Lyapunov theory, asymptotic stability is achieved by a control system. controller is as follows:
V. RESULTS AND DISCUSSION
According to the proposed dynamic equations and RBF network adaptive global sliding mode algorithms for NCS-VMP, using MATLAB/Simulink for simulation analysis, the analysis and discussion presented in following. Compare the proposed controller in this paper with SMC algorithm controller, validity of RBFN-AGSMA controller and advantages of controlling NCS-VMP are verified. Then, the influence of the NCS-VMP parameter variation on control system is analyzed and approved the roUustness of proposed control system to control the NCS-VMP. The parameters of the NCS-VMP are presented in Tables 1 and 2 . The control flowchart of asynchronous motor is presented in Fig. 3 . 
A. ANALYSIS AND VERIFICA TION AIMING AT THE PROPOSED CONTROLLER IN NCS-VMP
To illustrate synchronous control accuracy of control system, RBFN-AGSMA simulation results are compared with [31] , as shown in Fig. 4 . This article uses the same conditions as in [31] , Fig. 4 (a) and (b) are the rotational speed and phase difference in [31] . Compared with the rotating speed, in Fig.4 (c) designed controller in this article makes the speed of two motors synchronous operation, the amplitude of rotating speeds of exciters vibrate centering on reference speed with periodic motion forms is smaller, there is no speed overshoot in the asynchronous motor starting stage. Compared  Fig. 4(b) and (d), it is reasonable to indicate that the control system in this paper controls the maximum phase difference of the induction motor during the start-up phase to be less than [27] , and phase difference remains zero after rotation speed is stable. As it shown in Fig. 4 (e) and (f) that system is stable in x and y directions, vibration in direction is negligible. Therefore, RBF network adaptive global sliding mode algorithm proposed in this paper can improve the control precision and synchronization performance compared with the SMC algorithm in [31] . Fig. 5 shows the numerical simulation analysis of NCS-VMP by the controller of RBF network adaptive global sliding mode algorithm. Fig. 5(a) and (b) shows that two homodromy ERs realize synchronous motion of speed and phase under nonlinear load torque. There is no speed overshoot in the asynchronous motor starting stage, phase difference is 0 after the stabilization. Because the system considers the nonlinear support and the nonlinear acting force of parts, the speed fluctuation of ERs after stable operation increases to around 0.4 rad/s. it can be seen in Fig. 5(c) and (d) that NCS-VMP vibrates in x and y axes is elliptical motion. Due to the effect of the parts, the average of the amplitude in the y -axes is shifted in negative direction. Swinging motion in the ψ direction gradually decrease after the start ofthe motor, and the viUrations after stabilization are negligible. Fig. 5 (e) and (f) show the changes in the load torque and output torque of asynchronous motor in NCS-VMP, the two asynchronous motors have the same load torque and output torque respectively. Due to the influence ofnonlinear factors in the system, the load torque has multiple peaks and nonlinear time-varying characteristics. As the load torque changes, the output torque of asynchronous motor shows nonlinear time-varying characteristics. In summary, RBFN-AGSMA controller can suppress the influence of the total uncertainty including the nonlinear support and the nonlinear force of the parts, and control the co-rotating exciters achieves a stable elliptical motion track in the NCS-VMP.
B. EFFECT OF PARAMETER CHANGE ON SYNCHRONIZA TION PERFORMANCE IN NCS-VMP
This section analyzes the influence of changes in rotational speed, parameter r l and exciter mass change on system synchronization. The robustness of proposed RBFN-AGSMA is proved. Firstly, the influence of the change of tracking speed from 95 to −95 in NCS-VMP on the RBFN-AGSMA is discussed. Fig. 6(a) shows that tracking rotation speeds of two ERs suujected to the control of the radial basis function network global sliding mode controller have no overshoot near 0-1 s. When the rotation speed changes from 95rad/s to −95rad/s at 6-th second, the rotation speeds of two ERs are always in synchronism. When the rotation speed is rapidly adjusted to −95rad/s, the fluctuation of the rotation speed of the two ERs is still small, and the state of synchronization stability is comparatively well. Fig. 6(b) indicates that the phase difference fluctuation of two non-identical homodromy ERs is greatest around 0 s. When the NCS-VMP is in working state, the phase difference between the two ERs remains around zero. When tracking rotation speed changes at 6s, the phase difference ofthe two ERs fluctuates slightly, and the phase difference quickly returns to a stable state. Fig. 6 (c) and (d) indicate that when the speed jumps, the amplitude variation of NCS-VMP is huge in x and y directions and vibration becomes stable after the speed is stable. When the phase difference has small fluctuations, the vibration of the system in ψ direction is negligible. It is presented in Fig. 6 (e) and (f), through the RBFN-AGSMA controller, it can be seen that the RBFN-AGSMA controller has strong robustness to suppress influence of tracking speed change. Synchronous movements of the phase and rotational speed of the two co-rotating ERs are realized.
The parameter r l is related to the installation distance l 0 , mass M , and the moment of inertia J of two exciter, and it has a significant effect on synchronization property of system. In following, the influence of r l parameter on the RBFN-AGSMA controller is studied. Set: r l = l 0 /l e = 0.8, m 1 = m 2 = m 0 , results are shown in Fig. 7 . As it shown in Fig. 7(a-b) that rotation speeds and phases of the two nonidentical homodromy ERs are synchronized. Under the control of RBFN-AGSMA controller, the influence of the change of parameter r l on speed and phase synchronous motion is very little, and phase difference turn to zero rapidly after motor starts. It is presented in Fig. 7(c-d) , rotational speed and phase synchronism of the two non-identical homodromy ERs ensure that the amplitudes in x and y directions are stable in NCS-VMP, and the vibration in ψ direction gradually becomes zero. It is presented in Fig. 7 (e) and (f), load torque and output torque of two asynchronous motors are the same respectively and the starting torque is increased. Under the control of the RBF network adaptive global sliding mode algorithm controller, r l has no significant effect on the synchronization performance of NCS-VMP after the rotation speed of two ERs is stable. The following discusses about the performance of RBF network global sliding mode algorithm controller in NCS-VMP when r l = 1.17 and 2m 1 = m 2 = m 0 . From Fig. 8(a) and (b) it can be seen, under the control of the RBF network global sliding mode algorithm controller, the rotation speeds of two non-identical ERs rotating in the same direction are synchronous. The phase difference amplitudes of the two ERs in the start-up phase increase, after the rotation speed stauilizes the phase difference fluctuates around 0. It is presented in Fig. 8(c) and (d), vibration in x and y axes is stable in system, and the vibration in ψ axes is small. In Fig. 8 (e) and (f), nonlinear load torque and the output torque changed due to the different masses of exciters. Therefore, the proposed RBF network global sliding mode algorithm controller is able to resist the influence of parameter change in NCS-VMP on the synchronous motion, indicating that the robustness of RBF network adaptive global sliding mode algorithm controller designed for the NCS-VMP is strong.
VI. CONCLUSION
This paper proposes an precise control method about speed and phase synchronization of two non-identical exciters rotating in same direction in NCS-VMP. A new electromechanical coupled nonlinear dynamics model considering the nonlinear forces and nonlinear supports of parts was established. The RBF network global sliding mode algorithm controller was proposed aiming at the NCS-VMP. The effectiveness of proposed RBFN-AGSMA controller is verified by numerical simulation. The results indicates that compared with SMC algorithm, the proposed RBFN-AGSMA controller can eliminate the speed overshoot phenomenon of asynchronous motors in NCS-VMP in the start-up phase. The controller can make NCS-VMP significantly reduce the jitter of the rotating speed under stable working states. Therefore, it is verified that the proposed RBFN-AGSMA controller can improve synchronous control accuracy of two different ERs rotating in the same direction. In the NCS-VMP, due to the factors of the parts' nonlinear force and the nonlinear support, it indicates that the mean value of amplitude in y axis was shifted from 0 to negative direction. Through controller's control to the asynchronous motor, its output torque presents a nonlinear time-varying characteristic as load torque changes. By analyzing the effect of the theoretical rotation speed, exciter mass and r l change on the synchronization property of control system in NCS-VMP, illustrates that the robustness of RBF network adaptive global sliding mode controller to parameters changes in NCS-VMP is strong. In summary, the proposed RBF network adaptive global sliding mode controller is capable to achieve synchronous operation of two non-identical ERs rotating in the same direction under nonlinear time-varying load torque in the NCS-VMP, and the NCS-VMP can achieve the vibration in working direction. The model established is more tally with the actual situation and provides a theoretical basis for precise analysis of performance of NCS-VMP. This study can be applied to highprecision control of vibration machinery that screens a variety of parts.
